The successful integration of electron detection into an existing scanning transmission x-ray microspectroscope ͑STXM͒ at the Swiss Light Source is demonstrated. In conventional x-ray detection using a photomultiplier, STXM offers mainly bulk sensitivity combined with high lateral resolution. However, by implementation of a channeltron electron multiplier, the surface sensitivity can be established by the detection of secondary electrons emitted from the sample upon resonant excitation. We describe the experimental setup and discuss several relevant aspects, in particular the schemes to correct for self-absorption in the specimen due to back illumination in case of thicker films.
I. INTRODUCTION
Scanning transmission x-ray microspectroscopy ͑STXM͒ is a well established powerful technique to investigate the quantitatiailve, spatially resolved composition of an ultrathin sample using the distinct spectral features in x-ray absorption. 1 The wide field of applications has been demonstrated so far, by the investigation of various biomaterials, 2, 3 environmental, 4 ,5 geological, 6-9 magnetic, 10 meteoritic, [11] [12] [13] technologically relevant, 14 and polymeric specimens. 10, 15 Soft x-rays in the energy regime from 100-1000 eV are wellsuited to excite core electrons into unoccupied states thus probing the chemical state of the element under investigation. The valuable spectroscopic contrast has been proven in the field of polymers and soft matter samples, i.e., mainly for C 1s absorption. In these cases the manifold of unoccupied molecular states is probed with high spectral accuracy. 16, 17 STXM combines the high spectral sensitivity with very high lateral resolution thus allowing correlations of morphological and electronic or chemical properties. At present, several instruments operating in the soft x-ray regime are installed at various synchrotron facilities. [18] [19] [20] [21] [22] [23] In the soft x-ray regime Fresnel zone plates ͑FZPs͒ are most commonly used as focusing optical element. The sample of appropriate thickness is raster-scanned across the focal spot. Usually the transmitted x-ray intensity is monitored by a photomultiplier or photodiode mounted behind the sample. Therefore, the technique must be considered to be mostly bulk-sensitive. However, as for every transmission technique the samples under investigation are limited to a certain thickness range due to S/N considerations. The signal, i.e., the measured optical density ͑OD͒ of a sample, is the log ratio of incident ͑I 0 ͒ to transmitted intensity ͑I͒, i.e., OD= −ln I / I 0 =ln I 0 / I. Hence, the noise is not simply the variance of the number of absorbed photons given by Poisson statistics. In the limit of I=I 0 intensity, this log ratio yields a signal of zero. Similarly, for very large absorption, the photon shot noise of I approaches infinity, and S/N is again very small. Considering error propagation of OD, the optimum sample thickness in the absence of dark noise and background corresponds to a sample with an OD of 2.6. In practice, spectral contamination and background noise can lead to absorption saturation, resulting in optimum sample thickness in the range of 1 to 2 OD. For most carbonaceous samples investigated near the carbon absorption edge, this corresponds to a practical sample thickness of 100-200 nm. Samples thinner than the OD optimum of ϳ250 nm, lead invariably to poor S/N. This is a principle limitation of STXM.
Surface sensitivity in soft x-ray microspectroscopy is achieved in x-ray photoelectron emission microscopy ͑XPEEM͒ due to the limited inelastic mean free path of the photo-or secondary electrons which generate the twodimensional image. Thus XPEEM offers complementary information to STXM. In order to enhance surface sensitivity in zone-plate based microspectroscopy electron yield detection is required, however, spatial restrictions limit the implementation of an electron detector from the illumination side. Although zone-plate based scanning photoemission microscopy has been successfully developed, [24] [25] [26] [27] its application is still rather scarce, whereas conventional STXM is growing in interest.
In the present paper, we report on expanding the capabilities of the PolLux-STXM installed at the Swiss Light Source ͑SLS͒ ͑Villigen/Switzerland͒ with the implementation of a channeltron detector downstream of the sample. The channeltron can serve as both x-ray and electron detector or can be used simultaneously with the existing photomultiplier tube ͑PMT͒, thus combining surface and bulk sensitivity in one instrument. This principle has been proven earlier for ultrathin metallic bilayer samples at the Canadian Light Source. 28 The present paper goes beyond this scope. The experimental setup is described in detail and the advantages and limitations of the principle are discussed. Its emphasis is on the relevant issues such as, e.g., sensitivity or selfabsorption within the sample of thicker films. The results are discussed in view of prior XPEEM experiments to exemplify the modified detection scheme complementary to conventional STXM.
II. EXPERIMENTAL SETUP AND SAMPLE PREPARATION
In the present PolLux microspectroscope, the x-ray beam is focused by a FZP and higher diffraction orders are filtered by an order-sorting aperture ͑OSA͒ ͑50 m pinhole͒. The samples are prepared on a semitransparent silicon nitride membrane or on a transmission electron microscopy grid and are raster-scanned in the focal plane. Until now, only photon sensitive detectors have been installed in the PolLux-STXM. 23 In our current experiments, electron detection has been implemented to extend the scope of operation to ultrathin samples. In addition, an enhanced surface sensitivity to thicker specimens, due to the short inelastic mean free path of low energy electrons within matter, is achieved. Nevertheless the addressable range in sample thickness is still limited by the absorption saturation ͑Ͻ150 nm in many cases͒. To the previous PMT of the PolLux STXM a channeltron electron multiplier ͑CEM͒ ͑Sjuts, KBL 10RS, typical amplification factor: 10 7 -10 8 ͒, as shown in Fig. 1͑b͒ , has been added. The distance of the channeltron detector is variable and was found to be at an optimum position 6 mm behind the sample plane. Since the CEM is sensitive to electrons as well as to x rays, the detector can be operated in two different modes. Identical results as in standard STXM are achieved when the detector is operated in transmission mode, i.e., the detector is placed directly behind the sample in the on-axis geometry ͓Fig. 1͑a͒, top͔ and the transmitted photon intensity is recorded similar to standard STXM with a PMT. Moving the detector in the "off"-axis position, i.e., outside the x-ray cone of the ZP/OSA assembly, one can switch to total electron yield ͑TEY͒ detection ͓Fig. 1͑a͒, bottom͔. In that case the transmitted photons can be detected by the PMT simultaneously. Further considerations due to the low free mean path of the electrons are necessary; ͑i͒ in order that the emitted electrons can be detected the investigated sample surface must point toward the detector, and ͑ii͒ since the electron detector is in off-axis position a positive accelerating potential U acc of 100 V has to be applied to the entrance cone of the channeltron to collect a sufficient fraction of the emitted electrons. To minimize the detection of electrons generated by the x-ray beam impacting the front of the sample, a bias of 50 V ͑U OSA ͒ was applied to the OSA to extract the corresponding electrons. This also minimizes the signal background from electrons generated elsewhere, such as the zone plate and the edges of the OSA. To enhance the signal quality and to preserve the channeltrons sensitive detection layer, a low pressure ͑p Ͻ 1 ϫ 10 −6 mbar͒ within the measuring chamber is essential.
Two test samples spanning the thin and thick sample limits were investigated in order to test the performance of the new detector setup. A 5 nm thick pentacene film was used to demonstrate the power of the new detector setup with respect to ultrathin and low absorbing specimens. A 100 nm thick PS/PMMA polymer blend was chosen to investigate the advantages of the new detector setup with respect to surface sensitivity enhancement in thicker samples. The polystyrene/poly͑methyl methacrylate͒ ͑PS/PMMA͒ is a model polymer system to explore the chemical sensitivity of NEXAFS microscopy. It has been well studied previously with STXM and XPEEM. [29] [30] [31] The pentacene film was deposited on a commercially available silicon nitride membrane ͑Silson Ltd., 100 nm͒ under high vacuum conditions ͑p Ͻ 5 ϫ 10 −7 mbar͒. Prior to deposition commercial pentacene ͑Sigma Aldrich, purity 99.9+ %͒ was further cleaned by resublimation in vacuum twice. The film thickness was controlled in situ with a quartz microbalance and was confirmed by atomic force microscopy afterwards.
The polymer test sample was prepared by spin-casting of a 1:1-mixture of PS and PMMA from toluene solution ͑1 wt %͒ onto a silicon nitride membrane. Both homopolymers, PS ͑250 kDa͒ and PMMA ͑35 kDa͒, were used as received from Acros Organics. The sample was annealed at 170°C for 48 h to facilitate the phase separation of the immiscible polymer blend toward thermodynamic equilibrium with well defined structures. Figure 2͑a͒ shows the OD image ͑area: 20ϫ 20 m 2 ͒ of the pentacene film with a nominal thickness of 5 nm recorded at an excitation energy of 285.8 eV. Due to the relatively inhomogeneous nitride substrate, offering a multiplicity of nucleation sites for the organic molecules, a polycrystalline structure of the vacuum deposited pentacene film is observed. At a nominal film thickness of only 5 nm ͑corresponding to 3.3 ML of upright standing pentacene molecules͒ the single grains are already coalescing and forming a closed film leaving the grain boundaries still visible. 32 The single grains seem to show a random shape with a lateral extension of a few micrometers. The contrast within the images is due to thickness variations on one hand and due to the presence of different rotational domains within the indi-FIG. 1. ͑Color online͒ ͑a͒ Scheme using a CEM for the detection of transmitted x-ray photons or secondary electrons in STXM and ͑b͒ the corresponding photograph of the PolLux microscope with the simultaneous detection setup is shown. Depending on the position of the detector directly behind the sample, the microscope can be operated either in transmission mode, probing the transmitted x-ray intensity, or in electron yield mode, detecting the emitted secondary electrons. To collect sufficient electrons, an acceleration voltage ͑U acc ͒ of 100 V was applied to the entrance cone of the channeltron and a bias of 50 V to the OSA ͑U OSA ͒ to minimize the electron background signal.
III. RESULTS AND DISCUSSION
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vidual grains on the other hand. 33 The direct comparison with Fig. 2͑b͒ recorded with the CEM detector ͑identical recording parameters and sample area͒ reveals an identical contrast. Note that the film thickness corresponds by and large to the inelastic mean free path of the low energy secondary electrons, i.e., the majority of emitted electrons. Therefore, low x-ray absorption ͑low OD͒ yields low electron emission and when comparing the OD signal to the TEY images, overall identical contrast is observed.
Most importantly, improved S/N-ratio is observed in the NEXAFS spectra for e-yield detection. The evaluation of the S/N-ratio 34 revealed an improvement of the signal-to-noise ratio by a factor of nearly 10. The highly resolved NEXAFS C-K-edge spectra shown in Figs. 2͑c͒ and 2͑d͒ were extracted from line scans consisting of 20 points with a point density of 2 points/ m and a dwell time of 100 ms. To minimize the influence of potential beam damage by the high flux density of incident x-ray photons the spectra were recorded with a slightly defocused beam. Therefore the NEX-AFS spectrum averages over different rotational domains. The data show the presence of various resonances in the near-edge region between 282-296 eV. In this photon energy regime the sharp resonances can be attributed to the excitation of electrons from the C 1s level into unoccupied molecular orbitals ͑ ‫ء‬ ͒. Due to core-hole effects and due to the excitation out of different carbon sites ͑C 1s͒ the resonances split into different components with an intense resonance at 285.2 eV. A detailed assignment of the different resonances and a theoretical ab initio calculation of pentacene thin film and gas-phase spectra can be found elsewhere. [35] [36] [37] It is obvious from Figs. 2͑c͒ and 2͑d͒ that the spectroscopic S/Nratio can be improved drastically by the substitution of the PMT with a CEM. This difference is mainly due to the fact that e-yield detection is basically a dark field method, i.e., is not affected by a significant photon background signal. Note that in the thin film limit, the absorption signal is extracted from the small relative reduction in an intense photon signal as discussed above. The OD of the sample of 0.06 is much smaller than the optimum OD of 2.6 and corresponds to a reduction in intensity of around 10%.
While the interpretation of ultrathin film TEY images ͑d Յ inelastic mean free path of electrons͒ is quite trivial, more efforts are required to interpret the surface signal of thicker films using e-yield STXM. This is demonstrated with the PS/PMMA polymer blend test sample. The characteristic phase separated structures of PS in the PMMA matrix are observed in the scanning x-ray micrographs of Fig. 3 . 38 The
images were recorded at a photon energy of 285.2 eV, corresponding to the ‫ء‬ CvC transition in PS, which corresponds to the strongest absorption resonance of PS. 38 Since the onset of absorption in PMMA occurs for h Ն 286.5 eV, an exclusive absorption of the polystyrene within the polymer blend sample can be achieved. The transmission image in Fig. 3͑a͒ nicely resolves the contrast between the highly absorbing PS droplets ͑dark͒ within the weakly absorbing PMMA matrix ͑bright͒. The direct evaluation of the image recorded in electron yield mode in Fig. 3͑b͒ is not trivial. A first look shows that obviously the smaller PS droplets and the outer regions of the larger PS droplets show higher electron emission ͑brighter͒ than the center of the PS containing regions. When using electrons as detection probe, the investigated film is oriented toward the electron detector, i.e., we have to illuminate the specimen from the back side. Consequently the damping of the intensity due to the absorption within the film ͑which does not contribute to electron emission͒ has to be considered.
For a better understanding the phenomenon of selfabsorption within the film shall be discussed first for an ideal bilayer system consisting of components A and B according to Fig. 4͑a͒ . In case of electron detection only electrons emitted out of a surface-near region with the thickness d e can be detected due to the low mean free path of the electrons. The incident intensity I 0 , which depends on the photon energy due to absorption at the various optical elements ͑mirror, grating, vacuum window, and zone plate͒, is damped through inelastic processes within the sample to the intensity I 0 Ј that reaches the electron emission layer. According to the Lambert-Beer law the degree of damping is determined by the thickness of the transmitted film ͑d A , d B ͒ and their corresponding photon-energy dependant absorption coefficients In case of more complex morphologies such as the present PS/PMMA system ͓see schematic and nomenclature in Fig. 4͑b͔͒ , the evaluation becomes more complicated. The binary film system consists of a mixture of materials with different absorption coefficients and local thickness variations. The thickness modulations lead to a position depending damping of the incident photon intensity I 0 Ј. Therefore the local thickness ͑d i ͒ and the corresponding absorption coefficient ͑ i ͒ for each spot ͑x,y͒ must be considered. However the thickness of the electron emitting layer is in the range of a few nanometers only. Neglecting the continuous self-absorption within this thin layer, the transmitted intensity represents a good approximation of the damped intensity I 0 Ј. Depending on the composition of the electron emitting layer ͓d i,e ͑x,y͔͒ ͑for PS and/or PMMA͒ the equation needs to be adapted accordingly. As result, the intensity of the emitted electrons becomes proportional to the photon intensity which reaches the surface-near layer.
I e ͑x,y͒ ϳ I TRANS ͑x,y͒ i d i,e ͑x,y͒ ͑i = PS and/or PMMA͒.
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Therefore we have to correct for the self-absorption in the e-yield STXM to obtain similar information to conventional XPEEM. Since the transmission image obtains the information of the overall absorption within the film, we may use this information to approximate the self-absorption, i.e., division of the electron yield image by the transmission image results in a self-absorption corrected image. The corresponding result of the correction is presented in Fig. 3͑c͒ . Since this image is corrected for the local thickness modulations and self-absorption, a homogenous emission over the whole PS droplet within a weak emitting PMMA matrix is observed. Although this simple correction scheme reflects the qualitative agreement with XPEEM, a quantitative analysis with respect to the composition remains difficult. However, the same holds for XPEEM since the electron yield can hardly be quantified. Neither in conventional XPEEM, i.e., without energy filter, nor in the present electron yield STXM the exact kinetic energy determination for the emitted electrons is impossible. In contrast to XPEEM, however, we may state that the detection efficiency in electron yield STXM is much higher. This is due to the fact that in XPEEM only a fraction of secondary electrons is used for image formation. Comparing identical spatial resolutions of few 10 nanometers standard XPEEM accepts only a few milliradian electron emission angle. 39 In contrast, electron yield STXM detects all secondary electrons emitted from the sample surface by applying a positive accelerating voltage at the CEM front end thus leading to higher overall electron collection efficiencies compared to XPEEM.
IV. SUMMARY AND CONCLUSIONS
We have demonstrated that e-yield STXM combines high spatial resolution with enhanced sensitivity to ultrathin and low absorbing samples. An improved S/N-ratio with respect to the recorded spectra has been achieved for the prototype study of a pentacene film with a nominal thickness of only 5 nm. In addition, electron detection shows enhanced surface sensitivity for thicker films ͑PS/PMMA blend͒ which well corresponds to XPEEM micrographs. The discussed correction for self-absorption in the back-illuminated sample qualitatively corresponds to the purely surface-sensitive XPEEM results. 29 The implementation of electron yield detection in STXM offers an obvious advantage compared to XPEEM if both detectors, PMT and CEM, are operated simultaneously in the STXM. The bulk information recorded with the standard PMT in the on-axis geometry can be combined with additional surface information received from the electron detection with the CEM mounted in the off-axis geometry. The implementation of both detectors might only be limited due to potential spatial restrictions in existing STXMs and potential limitations with respect to their base vacuum. 4 . ͑Color online͒ Schemes of an ideal bilayer system ͑a͒ and of our more complex PS/PMMA blend ͑b͒. Local thickness and compositional variations need to be considered in the investigated polymer blend. For both cases the self-absorption needs to be taken into account.
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